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          ABSTRACT

The thermal and shock sensitivities of plastic bonded explosive formations based

on 2,6-diamino-3,5-dinitropyrazine-1-oxide (commonly called LLM-105 for Lawrence

Livermore Molecule #105) are reported.  The One Dimensional Time to Explosion

(ODTX) apparatus was used to generate times to thermal explosion at various initial

temperatures.  A four-reaction chemical decomposition model was developed to calculate

the time to thermal explosion versus inverse temperature curve.  Three embedded

manganin pressure gauge experiments were fired at different initial pressures to measure

the pressure  buildup and  the distance required for transition to detonation.  An Ignition

and Growth reactive model was calibrated to this shock initiation data.  LLM-105

exhibited thermal and shock sensitivities intermediate between those of

triaminotrinitrobenzene (TATB) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazine (HMX).
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  INTRODUCTION

The explosive molecule 2,6-dinitro-3,5-dinitropyrazine-1-oxide was synthesized in

the mid 1990’s at Lawrence Livermore National Laboratory and designated LLM-105 for

Lawrence Livermore Molecule #105.  The synthesis route, scale up procedures, and

basic sensitivity properties of LLM-105 have been discussed by Pagoria [1].  LLM-105

has a high crystal density (1.913 g/cm3) and an oxygen balance that suggests that it

should be intermediate in sensitivity between triaminotrinitrobenzene (TATB) and

octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazine (HMX). Its molecular formula and high

pressure, high temperature reaction products are:

                C4H4N6O5 -- 3N2 + 2H2O + 3/2 CO2 + 5/2 C               (1)

whereas HMX forms more CO2 and less solid carbon:

C4H8N8O8 --- 4H2O + 4 N2 + 2CO2 + 2C         (2)

and TATB forms less CO2 and more solid carbon:

C6H6N6O6 --- 3H2O + 3N2 + 3/2 CO2 + 9/2 C                     (3)

Small scale testing by Cutting et al. [2] showed that LLM-105 is quite thermally stable and

has an energy content of about 15% less than HMX and 20% more than TATB.

Performance testing by Tran et al. [3] demonstrated that LLM-105 formulations can be

readily initiated and deliver significant detonation energy in the modified Floret test [4].

The times to thermal explosion at various initial temperatures were measured in the One

Dimensional Time to Explosion (ODTX) apparatus [5] using the formulation RX-55-AA,

which contains 95% LLM-105 and 5% Viton binder.  In this paper a four-reaction

chemical decomposition model for LLM-105 is developed and used together with a Viton

decomposition model [5] to calculate the measured ODTX measurements.  To determine

the relative shock sensitivity of an LLM-105 formulation, three embedded manganin
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pressure gauge experiments were fired in a 100 mm diameter gas gun facility at different

flyer plate impact velocities [6]. The LLM-105 formulation tested was RX-55-AB, which

contains 92.4% LLM-105 and 7.6 % Kel-F binder. These experiments yielded time

resolved measurements of the pressure buildups behind the leading shock front at

various distances into the explosive charge and the run distances to detonation at various

input shock pressures, usually called “Pop Plot” data.  The experimental pressure

histories were used to calibrate an Ignition and Growth hydrodynamic computer code

reactive flow model [7] for the shock initiation and detonation of LLM-105.  The thermal

explosion experimental data and chemical kinetic decomposition model results are

presented in the next two sections, followed the experimental and calculated shock

initiation results, and finally a Conclusions and Future Research section.

THERMAL SENSITIVITY OF LLM-105

The ODTX apparatus [5] has been used to measure the times to explosion versus

inverse temperature curves for many explosives.  Spherical 1.27 cm diameter explosive

charges are placed between preheated aluminum anvils which are then rapidly closed

and held together with a pressure of 0.15 GPa.  The time required for the explosive

decomposition to produce a sufficient quantity of gaseous reaction products to overcome

the confinement pressure is accurately measured.   Figure 1 shows the six ODTX times

to explosion for RX-55-AA compared to those measured for LX-10 (95% HMX and 5 %

Viton) and LX-17 (92.5% TATB and 7.5 % Kel-F binder).  RX-55-AA exhibits a thermal

sensitivity intermediate between the HMX and TATB formulations.  The lowest

temperature ODTX experiment at 463.55K did not react in 86,400 seconds (one day) so

this temperature is below the critical temperature of RX-55-AA in this geometry.
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      CHEMICAL KINETIC DECOMPOSITION MODEL FOR LLM-105

A four-step global chemical decomposition model has been developed for the

thermal decomposition of LLM-105. This model consists of four reactions and five

chemical species.  This reaction sequence is:

LLM-105                ----->  Solid Intermediate #1                                  (4)

Solid Inetrmediate #1   ----->  Solid Intermediate #2                        (5)

Solid Intermediate #2       ----->     Gaseous Intermediates (N2O, HCN,HNO2,)               (6)

Gaseous Intermediates    ----->  Final Products (CO2,H2O,N2,CO,C, etc.)               (7)

The major pathways in HMX and TATB decomposition have been recently

discussed by Tarver [8].  Little is currently known about LLM-105, but its structure and

stability imply that it mostly likely undergoes several endothermic steps to break down its

ring and hydrogen bonding in a manner similar to TATB.   Reactions (4) and (5) are both

assumed to be endothermic and produce smaller, less stable solid intermediates #1 and

#2.  Various solid intermediates can be postulated based on the bonds broken and the

gases formed.  Reaction (6) represents a slightly exothermic formation of intermediate

gaseous products, such as N2O, HCN,  NO2, etc.  Then reaction (7) represents the gas

phase formation of the final stable product gases CO2, H2O, N2, CO, etc. and solid

carbon as the major portion of the total heat of reaction is released.  The endothermic

decomposition of the Viton binder in RX-55-AA is treated as a single reaction with the

reaction rate constants given by Tarver and Tran [5].

Table 1 lists the thermal property and reaction rate parameters for the RX-55-AA

decomposition model.  The thermal conductivity of LLM-105 is assumed to be

intermediate between those of TATB and HMX.  LLM-105 has considerable hydrogen
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bonding, which implies a relatively high thermal conductivity. However, it is not as

completely hydrogen bonded as the symmetrical TATB molecule, which has the highest

thermal conductivity of the common organic explosive molecules.  The initial bond

breaking reactions in HMX and TATB have average activation energies of 52.7 and 60

kcal/m, respectively [8], so the initial decomposition of LLM-105 is assumed to have an

intermediate value of approximately 57 kcal/m.  The second endothermic reaction has a

lower activation energy, which is assumed to be approximately 50 kcal/m in this model.

The gas phase reactions (6) and (7) have activation energies of approximately 43 and 36

kcal/m, respectively.  The heats of reaction are 50 cal/g endothermic for reactions (4) and

(5), 200 cal/g  exothermic for reaction (6) and 900 cal/g exothermic for reaction (7).   This

overall heat of reaction of 1000 cal/g is reasonable for a molecule with the oxygen

balance of LLM-105 during thermal decomposition.  The times to thermal explosion for

the ODTX geometry are calculated using the Chemical TOPAZ heat transfer code [9].

Figure 2 shows the experimental and calculated times to thermal explosion for RX-55-AA

at six values of inverse temperature.  At the lowest temperature tested (463.55K), no

explosion was observed experimentally or computationally in 86,400 seconds (24 hours).

The agreement between the experimental and calculated times to explosion for RX-55-

AA is reasonable.  More ODTX measurements and determination of the thermal

conductivity and heat capacity of LLM-105 as functions of temperature are needed to

develop a more complete chemical decomposition model for LLM-105.

SHOCK INITIATION OF LLM-105

The shock initiation of the LLM-105 formulation RX-55-AB (92.4% LLM-105 plus

7.6% Kel-F binder pressed to 1.88 g/cm3) was tested using the 100 gas gun to accelerate
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aluminum discs into 3.4 cm long, 9 cm diameter cylindrical RX-55-AB targets containing

embedded manganin pressure gauges along their axes.  The three measured velocities

for the 12.5 mm thick aluminum flyer plates were 0.729, 0.938, and 1.18 km/s, resulting in

impact pressures of approximately 3  GPa, 4 GPa, and 5 GPa, respectively, in the RX-

55-AB targets. A three mm thick aluminum buffer disc was placed ahead of the first

manganin gauge.   The manganin gauges were placed depths of 0, 6.5 mm, 13 mm and

19.5 mm into the RX-55-AB. Figures 3, 4 and 5 show the measured pressure histories for

the three shock initiation experiments at impact velocities of 0.729, 0.938, and 1.18 km/s,

respectively.  Some of the manganin gauge records for the 3 GPa input pressure

experiment in Fig. 3 are noisy, but they clearly show that the shock induced reaction in

RX-55-AB increased the pressure to less than 9 GPa and did not cause detonation of this

explosive charge within 15 µs.  At longer times, a two-dimensional reactive flow

calculation showed that  the rarefaction wave from the edge of the 4.5 cm radius LLM-

105 charge reached the center of the charge.  The rarefaction wave causes gauge

stretching and the accompanying resistance increases that are not related to reaction

induced pressure increases[10].  At 3 GPa pressure, HMX-based plastic bonded

explosives (PBXs) detonate after run distances of approximately 10 mm[11].  TATB-

based PBXs do not react at all until shocked to over 6.5 GPa and exhibit pressure

histories similar to those in Fig. 3 at 8 GPa shock pressures [12].   At 4 GPa pressure in

Fig. 4, the manganin gauge records show that RX-55-AB transitions to detonation just

before the 13 mm deep gauge.  At this shock pressure, HMX-based PBXs transition to

detonation in 5 – 7 mm and TATB-based PBXs do not react.  At 5 GPa pressure in Fig. 5,

the RX-55-AB charge detonated  near the 6.5 mm deep gauge.  HMX-based PBXs

detonate within 4 – 6 mm at 5 GPa, while TATB-based PBXs again fail to react at all.
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Therefore the LLM-105 based PBX RX-55-AB demonstrates a shock sensitivity

intermediate between those of HMX and TATB-based PBXs.

The pressure histories at the gauges within the shock induced reactive flow

regions preceding detonation in Figs. 3, 4 and 5 are typical of explosives of intermediate

shock sensitivity [13].  In such explosives the pressure initially grows relatively slowly

behind the lead shock, which does not increase rapidly in pressure as it propagates

through the charge.  The main growth of reaction occurs behind the leading shock and

transition to detonation occurs rapidly when the growing pressure pulse overtakes the

leading shock.

         INITIATION AND GROWTH SHOCK INITIATION MODELING OF LLM-105

All reactive flow models require as a minimum: two equations of state, one for the

unreacted explosive and one for its reaction products; a reaction rate law for the

conversion of explosive to products; and a mixture rule to calculate partially reacted

states in which both explosive and products are present.  The Ignition and Growth

reactive flow model [7] uses two Jones-Wilkins-Lee (JWL) equations of state, one for the

unreacted explosive and another one for the reaction products, in the temperature

dependent form:

            p = A e-R1V + B e-R2V + ωCvT/V                                          (8)

where  p is pressure in Megabars, V is relative volume, T is temperature, ω  is the

Gruneisen coefficient, Cv is the average heat capacity, and A, B, R1 and R2 are

constants.  The unreacted explosive equation of state is fitted to the available shock

Hugoniot data, and the reaction product equation of state is fitted to cylinder test and

other metal acceleration data.  At the high pressures involved in shock initiation and
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detonation of solid and liquid explosives, the pressures of the two phases must be

equilibrated, because interactions between the hot gases and the explosive molecules

occur on nanosecond time scales depending on the sound velocities of the components.

Various assumptions have been made about the temperatures in the explosive mixture,

because heat transfer from the hot products to the cooler explosive is slower than the

pressure equilibration process.  In this version of the Ignition and Growth model, the

temperatures of the unreacted explosive and its reaction products are equilibrated.

Temperature equilibration is used, because heat transfer becomes increasingly efficient

as the reacting “hot spots” grow and consume more explosive particles at the high

pressures and temperatures associated with detonation.  Fine enough zoning must be

used in all reactive flow calculations so that the results have converged to answers that

do not change with even finer zoning.  Generally this requires a resolution of at least 10

zones for a detonation reaction zone.

The Ignition and Growth reaction rate equation is given by:

                dF/dt = I(1-F)b(ρ/ρo-1-a)x + G1(1-F)cFdpy + G2(1-F)eFgpz                                    (9)

            0<F<Figmax       0<F<FG1max         FG2min<F<1

where F is the fraction reacted, t is time in µs, ρ is the current density in g/cm3, ρo is the

initial density, p is pressure in Mbars, and I, G1, G2, a, b, c, d, e, g, x, y, z, Figmax, FG1max,

and FG2min are constants.  This three-term reaction rate law represents the three stages of

reaction generally observed during shock initiation and detonation of pressed solid

explosives [7].  The first stage of reaction is the formation and ignition of “hot spots”

caused by various mechanical energy dissipation mechanisms as the initial shock or

compression wave interacts with the unreacted explosive molecules.  Generally the

fraction of solid explosive heated during shock compression is approximately equal to the
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original void volume.  The LLM-105 based PBX RX-55-AB was pressed to 98% of its

theoretical maximun density so 2% of the explosive is assumed to be reacted by the first

term in Eq. (9).  For shock initiation modeling, the second term in Eq. (9) then describes

the relatively slow process of the inward and/or outward growth of the isolated “hot spots”

in a deflagration-type process.  The third term represents the rapid completion of reaction

as the “hot spots” coalesce at high pressures and temperatures, resulting in transition

from shock induced reaction to detonation [14].

For detonation modeling, the first term again reacts a quantity of explosive less

than or equal to the void volume after the explosive is compressed to the unreacted von

Neumann spike state.  The second term in Eq. (2) models the fast decomposition of the

solid into stable reaction product gases (CO2, H2O, N2, CO, etc.).  The third term

describes the relatively slow diffusion limited formation of solid carbon (amorphous,

diamond, or graphite) as chemical and thermodynamic equilibrium at the C-J state is

approached.  These reaction zone stages have been observed experimentally using

embedded gauges and laser interferometry to within several nanosecond resolution

[15,16].

The Ignition and Growth reactive flow model has been applied to a great deal of

experimental shock initiation and detonation data using several one-, two-, and three-

dimensional hydrodynamic codes.  In shock initiation applications, it has successfully

calculated many embedded gauge, run distance to detonation, short pulse duration,

multiple shock, reflected shock, ramp wave compression, and divergent flow experiments

on several high explosives at various initial temperatures (heating plus shock scenarios),

densities, and degrees of damage (impact plus shock scenarios) [6,7,11].  For detonation

wave applications, the model has successfully calculated embedded gauge, laser
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interferometric metal acceleration, failure diameter, corner turning, converging, diverging,

and overdriven experiments [15-17].

The  RX-55-AB Ignition and Growth model parameters used in these calculations

are listed in Table 2.   Since no unreacted shock Hugoniot data for LLM-105 PBXs is

available, the unreacted JWL equation of state Hugoniot parameters for LX-17 are used

for this study.  Since RX-55-AB has the same amount of Kel-F binder as LX-17 and LLM-

105 should compress in a similar manner to TATB, the use of the LX-17 unreacted JWL

equation of state seems justified.  The JWL reaction products equation of state listed in

Table 2 is a preliminary fir to copper cylinder test expansion data for a detonating LLM-

105 PBX [18].  The reaction rate parameters in Table 2 use similar compression rate and

pressure dependencies to LX-17, but are calibrated to the faster growth of reaction

observed for RX-55-AB.  Figures 6 – 8 show the calculated pressure histories at the

embedded manganin gauges corresponding to the 3 GPa, 4 GPa, and 5 GPa

experiments, respectively.  The calculated pressure buildups at the gauges in the

reactive flow preceding detonation, the arrival times of the shock waves at the gauge

positions, and the run distances to detonation transition are all in good agreement with

the experimental pressure histories shown in Figs. 3 – 5.  This Ignition and Growth model

for RX-55-AB can be applied to other sustained shock scenarios with reasonable

confidence.  Additional shock initiation experiments using short time duration pulses,

reflected shocks and multiple shocks are required to buld a more complete model.

CONCLUSIONS AND FUTURE PLANS

This paper describes experimental thermal explosion and shock initiation data for

LLM-105 based PBXs that shows that this molecule is intermediate in thermal and shock
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sensitivity between HMX and TATB.  The ODTX thermal explosion data is used to

develop a four-reaction chemical kinetic decomposition model for LLM-105, whose

calculated times to explosion at various initial temperatures agree with the ODTX

measurements.  The embedded manganin pressure gauge technique is used to measure

the shock initiation of the LLM-105 PBX RX-55-AB at three different initial pressures. An

Ignition and Growth reactive flow model of the shock initiation and detonation transition of

RX-55-AB was calibrated to this shock initiation data.  The thermal decomposition kinetic

model and the Ignition and Growth shock initiation model can be used to predict the time

to explosion and run distance to detonation for other thermal and shock hazard

scenarios, respectively.

However, these models can only be considered preliminary, because a great deal

more experimental data is required to understand the sensitivity of LLM-105 PBXs as well

as those based on HMX and TATB are understood.  In the area of thermal explosion

hazards, basic thermal properties, such as thermal conductivity and heat capacity, and

chemical kinetic rates must be measured for LLM-105 as functions of temperature.  Its

PBXs must be tested in other thermal explosion experiments that determine the violence

of thermal explosion [19].  The deflagration rates of LLM-105 PBXs must be measured as

functions of pressure and temperature [20].  A great deal more shock initiation

experimental data on short duration shock pulses, multiple shocks, reflected shocks, low

shock pressure desensitization, and the unreacted Hugoniot  is necessary for further

normalization of the LLM-105 Ignition and Growth model before it is as reliable as the

HMX and TATB models [21].

 LLM-105 appears to be a very promising high density, intermediate sensitivity

energetic material whose PBXs will continue to be developed in the near future.
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TABLE 1. Thermal and Reaction Rate Parameters for the RX-55-AA Model

        LLM-105      Solid  Inter.#1  Solid Inter.#2  Inter. Gases Final Gases

1. Initial Density = 1.88 g/cm3

2. Heat capacity (cal/g-K) at:

298K       0.24     0.24 0.22             0.24              0.27

373K       0.30      0.30 0.27 0.26 0.28

433K       0.34      0.34 0.31 0.27 0.28

563K       0.40       0.40 0.36 0.29 0.29

623K       0.46      0.46 0.42    0.31 0.30

773K       0.55       0.55 0.50 0.35 0.31

>1273K       0.55      0.55 0.50 0.42 0.35

3. Thermal conductivity (cal/cm-g-K) at:

298K        1.57x10-3      1.40x10-3 1.20x10-3 1.05x10-3 1.0x10-4

373K        1.23x10-3      1.05x10-3 9.20x10-4 7.5x10-4 1.0x10-4

433K        9.85x10-4   9.20x10-4 9.20x10-4 9.2x10-4 1.0x10-4

563K        8.57x10-4        8.57x10-4 8.57x10-4 8.57x10-4 1.0x10-4

623K        7.50x10-4        7.50x10-4 7.50x10-4 7.5x10-4 1.0x10-4

773K        1.00x10-4        1.00x10-4 1.00x10-4 1.0x10-4 1.0x10-4

>1273K        1.00x10-4  1.00x10-4 1.00x10-4 1.0x10-4 1.0x10-4

4. Heat of formation (cal/g)

        -144.0     -94.0 -44.0 -244.0 -1144.0

5. Reaction rate parameters NaxqZ e-E/RT (where Na is mass fraction)

Reaction ln Z  E(kcal/mol) Reaction Order x          Heat of Reaction q(cal/g)
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       1 51.0 55.64              1               +50.0

       2                 42.5       49.68                             1                         +50.0

       3 34.5 42.73 1  -200.0

       4         29.0  35.77         2 -900.0

6.  Viton reaction rate parameters

      1 32.7 38.57 1  +1400.0

Table 2. Ignition and Growth Parameters for RX-55-AB

ρo =1.88 g/cm3

UNREACTED JWL PRODUCT JWL REACTION RATES

A = 778.1 Mbar A = 7.1962 Mbar I=1.24x10
6

 µs-1

B = -0.05031 Mbar B = 0.13833 Mbar a=0.11
R1 = 11.3 R1 = 4.5 b=0.667

R2 = 1.13 R2 = 1.5 x=7.0 

                                                                                                        Figmax = 0.02

ω = 0.8938 ω = 0.31 G1= 7.0 Mbar-3µs-1

Cv = 2.487x10
-5

 Mbar/K Cv = 1.0x10
-5

 Mbar/K c=0.667

To  = 298•K Eo = 0.0809 Mbar d=0.667

Shear Modulus = 0.0354 Mbar y=1.0
                                                                                                       FG1max = 0.5

Yield Strength = 0.002 Mbar G2=2080 Mbar-3µs-1

e=0.667
g=0.667
z=3.0

                                                                                                        FG2min = 0.0
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FIGURE CAPTIONS

 Figure 1. Experimental ODTX Times to  Explosion for RX-55-AA, LX-17 and LX-10

Figure 2. Experimental and Calculated ODTX Times to Thermal Explosion for RX-55-AA

Figure 3. Experimental manganin pressure gauge records for LLM-105 impacted by an

aluminum flyer plate at 0.729 km/s

Figure 4. Experimental manganin pressure gauge records for LLM-105 impacted by an

aluminum flyer plate at 0.938 km/s

Figure 5. Experimental manganin pressure gauge records for LLM-105 impacted by an

aluminum flyer plate at 1.18 km/s

Figure 6. Calculated pressure histories for LLM-105 impacted by an aluminum flyer plate

at 0.729 km/s

Figure 7. Calculated pressure histories for LLM-105 impacted by an aluminum flyer plate

at 0.938 km/s

Figure 8. Calculated pressure histories for LLM-105 impacted by an aluminum flyer plate

at 1.18 km/s
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Figure 1. Experimental ODTX Times to Explosion for RX-55-AA, LX-17 and LX-10
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Figure 2. Experimental and Calculated ODTX Times to Thermal Explosion for RX-55_AA
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Figure 3. Experimental manganin pressure gauge records for LLM-105 impacted by an
aluminum flyer plate at 0.729 km/s
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Figure 4. Experimental manganin pressure gauge records for LLM-105 impacted by an
aluminum flyer plate at 0.938 km/s
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Figure 5. Experimental manganin pressure gauge records for LLM-105 impacted by an
aluminum flyer plate at 1.18 km/s
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Figure 6. Calculated pressure histories for LLM-105 impacted by an aluminum flyer plate
at 0.729 km/s
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Figure 7. Calculated pressure histories for LLM-105 impacted by an aluminum flyer plate
at 0.938 km/s
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Figure 8. Calculated pressure histories for LLM-105 impacted by an aluminum flyer plate
at 1.18 km/s




